Photon blockade and nonlinear effects for a quantum dot strongly coupled to a 

semiconductor microcavity 
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Our model comprehensively simulates modern nanoscale semiconductor microcavities incorpo- 
rating cavity quantum electrodynamics within both the weak and strong coupling regimes, using 
on-resonant laser excitation and nonresonant excitation due to a wetting layer. For weak coupling, 
the most significant effect is photon antibunching with nonresonant emission. We investigate how 
the antibunching characteristics change as the cavity finesse is increased towards the strong coupling 
regime. Antibunching can also be observed in a strongly coupled system with resonant excitation, 
using the photon blockade mechanism which has been demonstrated in atom systems. We calculate 
what cavity parameters are required to observe this effect. Experimentally these studies are equiva- 
lent to nonlinear pump probe measurements, where a strong pump, either resonant or nonresonant, 
is used to excite the coupled system, and the resulting state is characterized using a weak, resonant 
probe beam. 
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Currently, a single atom trapped within a cavity is 
the standard model for cavity quantum electrodynam- 
ics(CQED) with the semiconductor analogue of this be- 
ing a quantum dot(QD) trapped within a dielectric cav- 
ity. In this paper, we investigate theoretically CQED 
effects that may be observed using a coupled QD/cavity 
system while taking into consideration the current stan- 
dards of cavity finesse and coupling strength (ijc)- In par- 
ticular, we choose to focus on antibunching effects which 
occur as a direct consequence of the interaction between 
cavity field and QDi^ The Jaynes-Cummings dressed 
state model forms the eigenstates of such a system in 
which the energy difference between any two eigenstates 
is unique due to their dependence on the number of parti- 
cles in the system<^ This subsequently permits the system 
to absorb one resonant photon at a time, thus creating 
a photon blockade and therefore a single photon emitter. 
This type of device is useful in many genres of physics, 
for instance, quantum cryptography or quantum com- 
putation; fields that both require the entanglement and 
emission of single particles within discrete energy levels. 

Quantitatively antibunching is demonstrated by com- 
puting a second order correlation function at zero time 
delay((7'^^' (r = 0)) that is less than one, a purely quan- 
tum mechanical effect, with the ideal value for perfectly 
antibunched light being zero. Previous work has been 
conducted on isolated quantum dots^i^ and more re- 
cently QDs or atoms within cavities^ testing their ability 
to produce antibunched light. The most successful pho- 
ton blockades showed a ^^^^(O) approaching values of 0.1 
for isolated electrically pulsed dots as well as measure- 
ments reported to be as low 0.13±.ll within strongly 
coupled atom/cavity systems.- This research makes di- 
rect comparisons with each case in which we present data 
for the strong and weak coupling regimes and concen- 
trate on various schemes that can be used to pump a QD 
trapped within a microcavity, namely, via a wetting layer 
or resonant excitation with a laser. With on-resonant 



pumping one has the benefit of being able to directly cre- 
ate an exciton in the QD hence reducing emission from 
off-resonant energy levels which could occur through in- 
coherent pumping as the electron relaxes into the dot. 
This also avoids the delayed capturing of the electron or 
hole and the consequential ionization of the QD. In ad- 
dition, cavities have the known advantages of aiding in 
the collection efficiency of photons as well as promoting 
recombination dynamics. 

The separation between weak and strong coupHng 
regimes is found by making a comparison of the ratio 
between cavity and dot decay rates (jcavT^dot) and the 
size of the energy splitting^ for which one wants 
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NpOc > Icav, Idot 



with the number of particles, Np, in the system increasing 
the energy separation between successive pairs of dressed 
state levels. At the moment decay rates for a typical 
microcavity are usually two orders of magnitude larger 
than that of a QD which are presented in the formalism 
for completeness although considered to be neghgible in 
the final calculation. Strong coupHng is not easily ob- 
tained in current QD/microcavity systems. Atoms tend 
to offer a bigger ratio for strong coupling vs. decoher- 
ence time being greater than 8:1— compared to less than 
1:1 for quantum dots.— Dots however have the benefit 
of not only being stable components of the solid state 
structure, but restricting particle movement in all three 
dimensions, while in principle, the manufacturability of 
quantum dot structures will allow them to emit at any 
optical frequency requested. In order to better achieve 
strong coupling within a QD/microcavity structure one 
requires a small modal volume to decrease the decay rate 
and increase the cavity's Q factor, Micropillar cavi- 
ties draw particular interest in the field due to their man- 
ufacturable control over the modal volume as well as the 
strong overlap attainable between QD and cavity mode. 
Most recently strong coupling effects such as the anti- 
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crossing of dot and cavity energies have been observed 
within micropillars having a modal volume of 0.43/im 
and a Q factor between 10,000-20,000..^ 

For the purpose of calculating antibunching effects 
we want to explicitly write the correlation function 
in terms of the definitions for the first (i = 1) and 
second(i = 2) order Green's functions given as G^'^ (0) = 
tr{p{t)b\b\...blbi...b2bi). Here we represent the cavity 
field using second quantization operators, b^ and (6), cre- 
ating or annihilating a cavity photon, respectively, with 
p{t) being the steady state solution to the density matrix. 
The normalized second order correlation function is then 
defined as 



|G(i)(0)|2 



l)Pn 
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where P„ is the probability of finding the system with 
n photons. The summation over the photon number, n, 
comes from using a Foch or number state representation 
as a basis with the denominator equal to the average 
number of photons in the system defined as n = ^ nPn. 
Physically this calculation equivocates to a simultane- 
ous readout taken by two detectors within the Hanbury 
Brown- Twiss experiment and computing the average over 
the fiuctuations in output intensity (/), yielding an alter- 
native yet equivalent definition. 



5(^)(0)-l = 



{{I-{I)f 
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The ideal scenario, corresponding to having g^'^\0) — 0, 
occurs when the detectors cannot simultaneously count 
a photon, hence insuring that one has a consistent single 
photon emitter. 

Special attention is placed on the type of pumping, 
either coherent or incoherent, that one would use in or- 
der to perform pump-probe type experiments. Firstly, we 
look at incoherent excitation of the dot via a wetting layer 
since it is the mechanism more commonly used. When 
one does so, there are certain conditions which perpetu- 
ate stronger antibunching for weak coupling. For exam- 
ple, background interference is diminished if the pumping 
of the QD is reduced as well as the subsequent loss of the 
dot's spontaneous emission rate into a cavity mode due 
to the Purcell effect, which vanishes as gc goes to zero or 
the quality factor diminishes. A 3-level system is used to 
represent the dot and wetting layer as depicted in figure 
1. The ground state is the source for excitations within 
the system, hence the wetting layer is coherently excited 
from the ground state of the dot with field strength F. 
Pumping of the dot is subsequently modeled via the in- 
coherent decay rate, 7^,, from the wetting layer to the 
excited state of the dot where an electron can pair with 
a hole in the valence band. The hamiltonian given in the 
rotating frame is 

+ hScb]bj (4) 
+ h9c{ct2^j + b]a^^) + r(cr+3 + crfg). 




Figure 1: Schematic representing a 3-level system consist- 
ing of a wetting layer(w) and quantum Aot{u:d) which is cou- 
pled to a cavity raoAeiujc) via the coupling strengh((?c). The 
wetting layer is coherently driven by an on-resonant laser(r) 
whilst the dot is being incoherently pumped directly from the 
wetting layer to the excited state of the dot. 
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Figure 2: g^^\Q) shown as a function of coupling over decay 
for incoherent pumping of the dot via a wetting layer with 
7cati kept constant. Pumping from the wetting layer increases 
in order from lowest to highest going from a dotted to a more 
progressively solid line. The coupling Qc is varied for different 
pumping rates from the wetting layer to the excited state 
of the dot. A crossover appears around the weak to strong 
coupling transition at which point the affect of pump strength 
on antibunched light is inverted. 



where we have used a product basis consisting of an 
expansion of the pauli spin matrices into three dimen- 
sions in order to describe the dot and wetting layer with 
its ground state energy set equal to zero. Again, the 
Foch states are used to describe the mode making use 
of the ladder operators b and b'^ . As defined analogous 
to reference[6], (t+ = cr~* = ^(S*^** -I- iSy'^) are fermionic 
operators that describe interactions between levels r and 
s, and act on either the dot's ground(l) and excited(2) 
states along with the wetting layer's(3). at = is a 
level shift operator whose expectation value reveals the 
population of energy level 'z' while 5d,c,w are the detun- 
ings for the dot((i), cavity (c), and wetting layer (w) re- 
spectively, relative to the laser frequency taken to be an 
on-resonant cw 7r-pulse. We look to solve for the density 
matrix, given below, of this coupled system in order to 
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determine its dynamics. 

p = -'-[Hs,p]-:i^[b%{t) + p{t)h^h-2bp{t)h^] 

Explicitly shown are decay terms icicav^dot^w)) taking into 
consideration the interaction of the microcavity with a 
surrounding reservoir. These terms are well known and 
derived using Markovian statistics. Antibunching effects 
are calculated solving for the second order Green's func- 
tion presented in equation [2l As shown in figure 2, a 
crossing occurs around the weak to strong coupling tran- 
sition that is dependent on the cavity's decay rate which 
we keep constant in the present study and only vary ge- 
lt may appear that the curves cross at the same point 
but under close inspection they expectedly do not since 
the strong coupHng condition varies following the ratio 
given in equation [TJ In the strong coupling regime, the 
best antibunching happens for the highest pumping from 
the wetting layer (solid curve) in direct contrast to weak 
coupHng results. The crossover could be understood by 
utilizing the form of g'-^-' (0) as it appears in the number 
state basis given in equation [21 We therefore could write 
the difference of the second order correlation function 
between one'higher'(H) and 'lower' (L) pumping cases ap- 
pearing in figure 2 as, 

°° P'^ fi"^ 

<?g^(0) = E"("-l)#(l-##)- (6) 

Using the incoherent pumping scheme proposed, the dis- 
tribution of light is a complicated function depending on 
the intricate balance between the ratios of 7^, ^cav, gc, 
and r, however the general lineshape does resemble that 
predicted for antibunched light From the numerics we 
see that for all parameters studied the following relation- 
ship holds for n > 2, 

{nl -nl)>0> P^ - P^. (7) 

In addition, within the strong coupling regime we have 
the relation that 

Iriff-nLl > |P,f-P„^|, (8) 

thus guaranteeing that the last term in parenthesis in 

equation [6] is greater than one, therefore yielding a neg- 

(2) 

ative value for g^^ (0). As figure 2 shows for this regime, 
this result states that a higher pumping rate leads to a 
higher average number of photons in the cavity which 
will therefore yield a lower g'^^(O). Equation [8] suggests 
that under strong coupling the average number of pho- 
tons dominates the second order correlation function and 
hence by examining equation [21 the denominator will dic- 
tate photon antibunching where increasing(decreasing) n 
would decrease(increase) bunching. 



10000 



60 




Figure 3: '(0) shown as a function of detuning(def) over 
coupling((;c) for various coupling parameters increasing se- 
quentially from the present day standards for QD/cavity 
structures with Qc/'Jc = l(black) to that for atom/cavity 
structures with gc/jc = 8(blue). Here, the driving field 
has directly excited the cavity mode. Antibunching effects 
(g^^HO) < 1) occur when the driving field is off-resonance by 
roughly the energy level splitting %c at which point (/'^'(O) 
tends toward zero creating a single photon emitter. Highly 
off-resonance we return to the expected value of one for a co- 
herent driving field . The weakly coupled case(black) remains 
circa the classical barrier of one for a coherent laser field. 



As we move into the weak coupling regime the rela- 
tionship in Equation [8l is no longer valid. There is a 
lower probability of the dot emitting a photon into the 
cavity due to the smaller coupHng to decay ratio as well 
as the loss of the Purcell effect. The population is still 
significant enough to be able to emit consistently with n 
reaching as high as 0.25, however in this regime uh ~ ul 

allowing the ratio P^ / P^ in equation [6l to dominate the 

(2) 

last term of 5^1 (0) forcing it to be positive. At very low 
coupling the correlations, G^(0), and the avergage num- 
ber of photons, n, both tend toward zero yet are com- 
parable to each other, hence we still calculate a g^^^O) 
although emission from the cavity is deficient. When 
gc = 0, no photons are entering the cavity (n = 0) at 
which point calculation of the second order correlation 
is ineffectual. The coupHng parameter alone regulates 
the transition rate from exciton to cavity photon. By 
looking at any curve in figure 2, all for which 7^ is kept 
constant, when the coupHng is increased more photons 
are allowed to enter the cavity as they are fed into the 
dot via the wetting layer, therefore increasing the bunch- 
ing in the system. The curve begins to level off as the 
rate at which the wetting layer populates the dot is over- 
come by the transition rate from QD to cavity. At this 
point the strength of the coupling has little affect on the 
number of photons in the cavity if the dot isn't being 
sufficiently pumped at a comparable rate. In the weak 
coupHng regime, the model is essentiaHy analogous to 
an isolated quantum dot with effective antibunching but 
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Figure 4: g (0) shown as a function of detuning(det) over 
coupling((;c) for various coupling parameters increasing se- 
quentially from the present day standards for QD/cavity 
structures with gc/'Jc = l(black) to that for atom/cavity 
structures with (/c/7c = 8(blue). The driving field in this 
case is meant to directly excite the dot which in turn popu- 
lates the cavity. Prominent antibunching affects occur in the 
region when detuning equals coupling strength. Off-resonance 
one does not return to a coherent driving field but towards a 
squeezed state. 

without the benefits of being enclosed in the microcavity. 
A value comparable to the previously mentioned results 
for isolated QDs of approximately 0.1 is shown but in 
actuality if one reduces the incoherent pumping rate the 
correlation function will tend towards zero. 

We now choose to look at the pumping scheme for on- 
resonant excitation of a cavity mode with a laser. For the 
case of a coherently pumped cavity we have the following 
Hamiltonian given in the rotating frame as, 

H = hSd(Tz + hScb]bj (9) 
+ hg^{a+bj+blcr-)+r{b^ +b). 

The PauH spin matrices are used to describe the 2-level 
dot with the subscripts 1,2 on cr+^~^ dropped. Second 
quantization is used once again for the cavity mode which 
is excited by a classical driving field. By changing the 
operators in the F term from b^b) to cr+(cr~), we will 
be able to consider the laser field coherently exciting the 
QD as well. The master equation is given by the following 
expression, 

P - -'-[H,,p]-^[b^bp{t)+p{t)b%-2bp{t)b^ 
- a- p{t)+p{t)a+ a- ^2<j- p{t)<j+] (10) 

and as expected, applying a conventional Jaynes- 
Cummings model using the classical driving field, we at- 
tain analogous results for that of an atom coupled to a 
cavity mode.— Figure 3 shows that when the light field 
is on resonant with the energy splitting(gc) we should 



Figure 5: Comparison of (;"'(0) for coherent excitation of the 
dot vs. cavity while varying gc. Presented is the case when 
detuning is equal to the energy level splitting, hgc. As cou- 
pling increases the lines tend to meet as g^^\0) goes towards 
zero for perfect antibunching . 



witness the strongest antibunching of photons creating 
a photon blockade effect. The blue curve represents the 
present day atom/cavity standard for a coupling to decay 
ratio of about 8:1. Within the present day standards for 
the QD/cavity system (1:1 ratio), the system shows no 
antibunching effects (black curve). As detuning increases 
we return to the expected value of one for a coherent driv- 
ing field. Going through the transition of weak to strong 
coupling(black to red curve), one sees a general increase 
in antibunching creating a more rehable single photon 
emitter with the best results for the strongest coupling. 
At zero detuning a strong bunching of photons will occur 
on the detectors due to correlations between the pump 
and cavity/dot mode.-i^ Additional peaks in figure 3 as 
well as figure 4 are due to the occupation of higher energy 
levels in the dressed state model, namely a two-particle 
eigenstate with an energy splitting of ±gc/V2- 

Figure 4 considers direct excitation of the dot via use 
of a coherent driving field. Presently, distributed Bragg 
refiectors (DBR mirrors) are commonly used to restrict a 
photon's movement along the vertical axis of a microcav- 
ity pillar structure. Confinement in the lateral direction 
due to strong internal refiection is dependent on the an- 
gle of incidence to the pillar's external wall as well as the 
index of refraction of the medium. Relative to the an- 
gle of incidence, ongoing research is looking into whether 
the exciton could be directly created by the laser in Heu 
of excitation via an absorbed cavity mode. Antibunch- 
ing effects are shown to be more easily obtainable within 
this method with the value of the correlation function 
going well below 0.1. Off- resonance from the coupHng 
strength, the ^^^•'(O) function no longer returns to that 
of a coherent laser field, but rather it is a squeezed state 
still emitting single photons. This improvement in an- 
tibunching could be explained due to the use of a QD 
to populate the cavity instead of a coherent field. The 
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two-level dot acts as a natural antibunching device for 
light permitting only one photon to enter the cavity at 
a time. With a sufficient coupHng to cavity decay ratio, 
the photon will leave the cavity before a saturated dot 
reemits another into it allowing particles to bunch in the 
system. 

A comparison of g^^^ (0) under both pumping schemes 
is presented in figure 5. Direct excitation of the QD con- 
sistently shows a ^'■^•'(O) < 1 with perfect antibunching 
seen at a significantly lower coupHng to decay rato than 
that for direct exciation of a cavity mode. Results such 
as these are highly noteworthy in regards to today's ca- 
pabilities for manufacturing and manipulating strongly 
coupled cavity/ QD systems as well as the present un- 
derstanding of what characteristics are needed if such a 
system will be able to produce antibunched light. It has 
been demonstrated that within the weak coupling regime, 
populating your system via a wetting layer could produce 



a lower g^'^\0) than in the strongly coupled regime com- 
parable to present day standards, however the advan- 
tages of cavity containment and on-resonant excitation 
are lost. In addition, in order to perform a successful 
photon blockade, we have shown that coherent driving 
fields demand strongly coupled systems when exciting a 
cavity mode, however the possibility of directly exciting 
the quantum dot laxes this requirement and produces a 
more strongly antibunched squeezed light field. 
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